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We have investigated the magnetism and the superconductivity of the electron-doped
Pr1−xLaCexCuO4 (PLCCO) by means of zero-field muon spin rotation/relaxation (ZF-µSR) and
magnetic susceptibility measurements. At low temperatures, a well-defined muon spin rotation
free from the effect of rare earth moments was observed for samples with x≤0.08 corresponding
to the antiferromagnetic (AF) order of Cu spins. Bulk superconductivity was identified in a wide
Ce concentration range of 0.09≤x≤0.20 with a maximum transition temperature of 26 K. Abrupt
appearance of the superconducting (SC) phase at x∼0.09 is concomitant with a destroy of the AF
ordered phase, indicating the competitive relation between two phases. Possible relation between
the wide SC phase and the lattice spacing is discussed.
PACS numbers: 74.25.Dw, 74.72.Jt, 75.30.Kz, 76.75.+i
Electron-hole symmetry of a pairing mechanism is
one of the central issues in a research on high-Tc su-
perconductivity. It is widely believed that a universal
role of magnetism exists because either type of carrier
doping into Mott insulators induces superconductivity.
For understanding the relationship between magnetism
and superconductivity, electronic phase diagrams pro-
vide important clues. In the hole-doped La2−xSrxCuO4
(LSCO) system, antiferromagnetic (AF) and supercon-
ducting (SC) phases are well separated: SC phase exists
in a wide range of 0.06≤x≤0.27 with a parabolic doping
dependence of the SC transition temperature, Tc, while
AF phase is located in a narrow range of x≤0.02.1,2 In
contrast, in the electron-doped Nd2−xCexCuO4 (NCCO)
and Pr2−xCexCuO4 (PCCO) systems, the optimum su-
perconductivity adjoins a broad AF phase (0≤x≤0.14)
and the SC phase exists in a narrow doping range of
0.14≤x≤ 0.18.3,4,5 Therefore, it is important to clarify
the origin of electron-hole doping asymmetry seen in the
phase diagram and to reveal the universal feature in the
relation between magnetism and superconductivity irre-
spective of types of carrier.
On the other hand, recent intensive studies on the
LSCO system by µSR6,7, nuclear magnetic resonance8
and neutron scattering9 techniques have claimed that a
short-range AF ordered phase above x=0.02 persists in
under-doped regions, and therefore coexists or phase sep-
arates with superconductivity. This penetration seems
to be a contrastive feature with an incompatible relation
between AF and SC phases in the electron-doped sys-
tems, suggested in the aforementioned phase diagram.
Universal feature in the phase diagram of electron-doped
system, however, is still controversial due to the limited
number of comprehensive studies on both magnetism and
superconductivity, and the difficulties in preparing sam-
ples, especially single crystals.10
In this paper, we present the phase diagram of the
electron-doped PLCCO system11 over a wide Ce concen-
tration range obtained by ZF-µSR and magnetic suscep-
tibility measurements. An advantage of this system is
that the SC phase is extending to a lower doping region
compared to the case of PCCO system.12,13 Thus, by
investigating the magnetic phase in the system, the re-
lation between AF and SC phases can be clarified. Fur-
thermore, compared to the NCCO system, a consider-
ably smaller effect of the rare-earth moment is suitable
for studying the inherent nature of Cu2+ spins. Present
study yields important information on the relation be-
tween the AF and SC phases: (i) Upon Ce doping the AF
ordered phase is drastically suppressed at x ∼0.09 where
the SC phase abruptly appears at the ground state, sug-
gesting a competition between the two phases, and (ii)
The SC region of the PLCCO (0.09≤x≤0.20) is extend-
ing to both lower and higher doping region compared with
that of PCCO (0.14≤x≤0.18).
Single crystals (x=0.08, 0.09, 0.11, 0.13, 0.15, 0.17,
0.18 and 0.20) and powder samples (x=0.04, 0.06, 0.09
and 0.11) are grown using a traveling-solvent floating-
zone method and a solid-state reaction, respectively. All
samples are carefully annealed under argon gas flow at
900-950 ◦C for ∼10 h and single crystals are subsequently
annealed under O2 gas-flow at 500
◦C for ∼10 h. Re-
moved oxygen content per unit formula from as-grown
samples was determined to be 0.03-0.05 from the weight
loss of the sample after the annealing treatment. For the
characterization of samples, we examined the Ce con-
tent and the lattice constants by the inductively coupled
plasma (ICP) spectrometer and the X-ray powder diffrac-
tometer, respectively. Evaluated Ce concentrations are
approximately the same as the nominal concentrations.
At room temperature both a and c-axis lattice constants,
which are larger than those in PCCO14, change monoton-
ically with x. Details of the sample preparation and the
characterization will be presented in a separate paper.15
In order to determine Tc, we measured the diamag-
netic susceptibility by a SQUID magnetometer. Figure
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FIG. 1: Magnetic susceptibility measured for single crys-
tal samples of the PLCCO system after the zero-field-cooling
process.
1 shows the susceptibility for the annealed single crystal
samples in an applied field of 10 Oe after the zero-field-
cooling process. SC transitions are observed in the wide
Ce concentration range of 0.09≤x≤0.20, while no bulk su-
perconductivity is detected for 0.08≤x samples. Based on
these results the lower critical concentration of the bulk
superconductivity is estimated to be between x=0.08 and
0.09. Note that onset Tc
′s of the x=0.09 and 0.11 pow-
der samples are identical with those of single crystals and
superconducting transition was not observed in the 0.04
and 0.06 samples. Thus, we concluded that the phase
diagram for x≤0.11 can be well characterized by using ei-
ther powder or single crystal samples. We also note that
the uniform magnetic susceptibility of PLCCO above Tc
is only ∼1% of that of NCCO, demonstrating an advan-
tage of the PLCCO system for elucidation of magnetic
properties of Cu spin.
µSR measurements are performed on powder (x=0.04,
0.06, 0.09 and 0.11) and single crystal (x=0.08) samples
at the pulsed muon source, RIKEN-RAL Muon Facil-
ity, Rutherford Appleton Laboratory in UK. These cho-
sen values for x span the boundary between AF and SC
phases. Positive surface-muons with perfectly polarized
spins parallel to the beam and with the momentum of
29.8 MeV/c are implanted into sample. Then muon spins
are depolarized by precessing around a local magnetic
field at the muon sites. Therefore, the time evolution of
muon spin polarization (µSR time spectrum) obtained
by the asymmetry of the decay positron emission rate
between forward and backward counters, A(t), provides
information on the distribution and/or the fluctuation of
the local magnetic field and the volume fraction of the
magnetically ordered phase.16
In Fig. 2, the normalized µSR time spec-
tra after subtracting time-independent background
are shown for non-SC (x=0.08) and SC (x=0.11)
samples. In both samples, a Gaussian depo-
larization is formed in the time spectra at high
(b) x=0.11
(a) x=0.08
Pr1-xLaCexCuO4
FIG. 2: ZF-µSR time spectra of PLCCO with (a) non-
superconducting (x = 0.08) and (b) superconducting (x=
0.11) samples. Solid lines are results fitted with Eqs. (1)
and (2). (See text.)
temperatures consistent with a static nuclear-dipole
field and the rapid fluctuation of Cu2+ spins.
At lower temperatures, the time spectra change from a
Gaussian-type depolarization to an exponential one in
both samples. This change suggests the appearance of
static or quasistatic internal magnetic field at muon sites
possibly due to the development of Cu spin correlation
and the slowing down of spin fluctuations. Upon further
cooling to 4K, an additional muon spin rotation corre-
sponding to the magnetic order appears in the x=0.08
sample, while such a clear rotation is not observed in the
x=0.11 sample. Therefore, magnetic property changes
near the phase boundary upon electron-doping. Flat
time spectrum beyond ∼1 µsec is clearly seen in x=0.08
sample at 4K, meaning a negligible effect of the Pr spin
fluctuation in contrast to the case of NCCO.17,18
For the qualitative analysis of the time spectra, we
first assumed a combination of Gaussian and exponential
functions:
A(t) = A1exp(−λ1 t) +A2exp(−λ
2
2 t
2 ), (1)
with A1+A2=1, where A1 and λ1, A2 and λ2 are the
initial asymmetry at t=0 and the depolarization rate for
the exponential and Gaussian components, respectively.
The time spectra at the higher temperatures (≥80 K) are
well reproduced by this function. (In Figs. 2(a) and (b),
solid lines for the time spectra at the highest tempera-
ture are the fitted results by Eq. (1). ) With decreasing
the temperature, A1 increases due to the development of
spin correlation. We defined a characteristic temperature
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FIG. 3: Fitting parameters of (a) initial asymmetry A1 of
the exponential component in Eq. (1), (b) A2 and (c) the
frequency f of the rotation component in Eq. (2) for x = 0.08,
0.09 and 0.11 samples. Dashed lines are guides to the eye.
as TN1 where A1 exceeds 0.5 or the exponential compo-
nent dominates. (See Fig. 3(a).) Then, to get more
information regarding the ordered phase at low temper-
atures, the time spectra below TN1 were again fitted to
the following equation:
A(t) = A3 exp(−λ3 t) +A4exp(−λ4 t)cos(2pift + φ),
(2)
with A3+A4=1, where the first and second terms express
components of relaxation and rotation of muon spin. The
parameters A3 and λ3 are the initial asymmetry and
the depolarization rate of exponential relaxation, respec-
tively. A4 and λ4 are those of rotation component and f
and φ are the frequency and the initial phase of rotation.
Solid lines for the time spectra at lower two temperatures
in Figs. 2(a) and (b) are the fitted results by Eq. (2).
In Figs. 3(b) and (c), the obtained parameters of
A4 and f, which represent the AF volume fraction and
the relative internal magnetic field at the muon site, re-
spectively, are shown for the samples located near the
boundary. We define TN2 as the onset temperature for
the appearance of muon spin rotation, corresponding to
the existence of static AF ordered state. At low tem-
perature, both A4 and f decrease as x increases. How-
ever, as seen in Fig. 3(c) the internal magnetic field at
muon sites decreases upon electron doping possibly due
to the change in either the amplitude or the direction
of staggered moment of Cu spins. In contrast, in the
hole-doped LSCO system, f in the long-range AF ordered
TN1
TN2
Tc
T 4K
AF
SC
(a)
(b)
A 4
 
(N
o
rm
al
iz
ed
) 0
50
100
150
200
250
0
0.5
1.0
0
-0.01
-0.02
0 0.1 0.2
Ce concentration (x)
Pr1-xLaCexCuO4
T N
1,
 
T N
2,
 
T c
 
(K
)
χ
 (em
u/g)
 
FIG. 4: Doping dependence of (a) TN1 (closed squares), TN2
(open diamonds) and Tc(onset) (closed circles) and (b) initial
asymmetry for the rotation component of A4 (open squares)
and diamagnetic susceptibility (closed circles) at temperature
below 4 K. Solid lines are guides to the eye. Shaded and
hatched areas in the upper figure correspond to AF and SC
phases, respectively.
phase is constant for x≤0.0219,20 where the evidence of a
phase separation between three-dimensional long-range-
ordered phase and spin-glass phase was observed.22,23
Therefore, the AF order degrades rather homogeneously
in space upon electron-doping in contrast to the inhomo-
geneous degradation in the hole-doped system: In the
electron-doped system, the magnetic structure and/or
staggared moment are modified by doping, while in the
hole-doped system, those of the undoped system per-
sists in the slightly doped compound.23,24 It should be
noted that magnetic Bragg peaks were observed by elas-
tic neutron-scattering measurements below TN1
25, while
no clear evidence for a static internal field at the tem-
perature between TN1 and TN2 was obtained by longi-
tudinal field µSR measurement.26 Thus, individual Cu2+
spins are fluctuating faster compared to the time scale of
µSR measurement (typically 10−6-10−11 sec), although
there exists time-averaged ordered moment. (The state
with time-averaged moment is defined to be Ne´el state. )
In Fig. 4 (a), the doping dependence of TN1, TN2 and
Tc(onset) are summarized. Upon electron doping, bulk
superconductivity with optimum Tc of 26 K abruptly ap-
pears at x∼0.09 like a first order-transition and TN2 is
dramatically suppressed at the same time. Therefore, at
the ground state, SC phase appears concomitant with
the disappearance of the AF ordered phase as seen in
4the NCCO system,5,17 although two phases are partially
overlapped due to coexistence or microscopic phase sep-
aration. This result combined with a relation between
the doping dependences of A4 and the diamagnetic sus-
ceptibility, χ, at low temperatures (Fig. 4(b)) clearly
demonstrates a competitive relation between AF and SC
phases. Abrupt onset of optimum superconductivity ac-
companied by the disappearance of AF phase is different
from the result in the hole-doped system showing a pen-
etration of short-range AF ordered phase into the under-
doped SC one.6,7,8,9
Now we turn to the discussion on the doping range
of SC phase. As seen in Figs. 4(a), Tc is insensitive
to the Ce concentration and this feature characterizes
the wide SC phase. The wide SC phase would be re-
lated with the increase of effective carriers by La substi-
tution suggested from resistivity and Seebeck coefficient
measurements.12,13 Arima et al. reported a reduction of
charge-transfer (CT) energy between Cu 3d and O 2p
bands as stretching Cu-O bond, i.e. lattice spacing.27
If the reduction of the CT energy is greater than the
loss from decreasing orbital overlap28, then the gain in
mobility would make the introduction of electrons into
the CuO2 plane easier, resulting in the wider SC phase.
In other words, the narrower SC phases in NCCO and
PCCO compared to that in PLCCO originate from the
short lattice spacing.
On the other hand, for the appearance of super-
conductivity in the 2-1-4 electron-doped systems, a re-
duction procedure such as heat treatment is necessary.
Brinkmann et al. reported an extension of SC phase in
PCCO by an improved reduction technique and Kura-
hashi et al. shows an occurrence of optimum supercon-
ductivity in the Nd1.85Ce0.15CuO4 by an adequate heat
treatment.10,29 Therefore, SC composition range depends
on the reduction procedure. The slight difference in the
SC composition range for present crystals and powder
samples of PLCCO system11,13 possibly relates with dif-
ferences in the heat treatment. In order to clarify the
fundamental features in the electron doped superconduc-
tivity, further comprehensive studies on single crystals
are required.
In conclusion, we have performed µSR and mag-
netic susceptibility measurements for the electron-doped
PLCCO system. AF order was observed in the sample
with 0.04≤x≤0.11. The AF order was dramatically sup-
pressed at x ∼0.09 which corresponds to the onset of the
significantly wide SC phase (0.09≤x≤0.20) upon doping.
The obtained phase diagram combined with the doping
dependences of AF volume fraction and internal magnetic
field clearly demonstrates a competitive relation between
AF and SC phases.
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